Plagiochila sect. Vagae is a large pantropical clade that is characterized morphologically by frequent terminal branching, vegetative distribution by propagules on the ventral surface of the leaves and a capsule wall with thickenings in all layers. Plagiochila corrugata from Brazil is characterized by strongly undulate, toothed leaf margins and represents the only known neotropical species of sect. Vagae with unispiral elaters. Plagiochila cambuena from Madagascar is distinguished by the same features. Maximum likelihood and parsimony analyses of 38 nrDNA ITS sequences of Plagiochila reveal P. corrugata and P. cambuena in a weakly (ML) to well (MP) supported monophyletic lineage within P. sect. Vagae . As an outcome of the morphological and molecular investigation, P. cambuena is relegated to the synonymy of P. corrugata. Plagiochila corrugata is placed in a Vagae -subclade with 11 further American species. The range of P. corrugata can be ascribed to long-range dispersal from the Neotropics rather than a Gondwanan distribution. Species from tropical Asia and Africa are placed at the base of the Vagae clade. Branch length within P. sect. Vagae points to a sudden radiation.
INTRODUCTION
Plagiochila (Dumort.) Dumort. with more than 1600 published binomials (Inoue, 1989) and roughly 400-450 morphospecies (So & Grolle, 2000) is the largest genus of leafy liverworts. This cosmopolitan genus is well defined by its dioecism, the laterally compressed perianth, alternate foliation and succubous leaves. In contrast, taxonomy at species and section level is hampered by lack of stable gametophytic characters.
Many authors (e.g. Gottsche, 1863-7; Spruce, 1884-5) tried to cope with the huge variability of Plagiochila gametophytes by describing numerous species that were usually assigned to small ranges only. However, the application of a narrow species concept is problematic because of the presence of numerous intermediates. Modern revisions (e.g. Inoue, 1984) have thus adopted a wider species concept, resulting in binomina with larger geographical ranges and numerous synonyms.
Several authors have tried to subdivide Plagiochila into natural species groups. The last comprehensive approach to structure the genus was published by Carl (1931) , who gave attention to Plagiochila worldwide with the exception of Africa. Carl accepted 50 sections that were usually restricted to a single continent or floristic kingdom. He spread Neotropical Plagiochila spe-cies with frequent terminal branching and propagules on the leaf surface over several sections, e.g. Crispatae Carl, Parallelae Carl, and Contiguae Carl. However, Groth, Lindner & Heinrichs (2004) demonstrated that representatives of these sections form a robust monophyletic lineage and that a pantropical clade is at hand; the oldest available name is P. sect. Vagae Lindenb. (Heinrichs, Sauer & Grolle, 2002b) . Intercontinental ranges at species level are still exceptional within P. sect. Vagae (Heinrichs et al ., 2002a) . Neotropical Vagae are provided with bispiral elaters (e.g. Heinrichs & Gradstein, 2000) , whereas several representatives of P. sect. Vagae from tropical Africa have unispiral elaters (Jones, 1962; Vanden Berghen, 1981 Upper parts of a few shoots of herbarium specimens were isolated (Table 1 ). DNA was extracted using an . 25 ITS1-, 5.8S-, and ITS2 rDNA sequences from Heinrichs (2002) , Heinrichs et al. (2002a) , , Groth et al. (2004) , Renker et al. (2002) and the 13 new sequences were aligned manually in BIOEDIT v.5.0.9 (Hall, 1999) , resulting in an alignment including 806 putatively homologous sites (alignment available from JH).
Phylogenetic trees were inferred using maximum likelihood (ML) and maximum parsimony (MP) criteria as implemented in PAUP* v.4.0b10 (Swofford, 2003) .
Maximum likelihood analyses
In order to decide upon the nucleotide substitution model with the smallest number of parameters that best fitted the data, the program MODELTEST v.3.06 (Posada & Crandall, 1998) was used. Based on the results of the tests, the model selected by the hierarchical LRT was the TrN model (Tamura & Nei, 1993) with gamma shape parameter (G) for among site variation calculated from the data set (TrN + G). A ML analysis (with the TrN + G model) was implemented as heuristic search with ten random-addition sequence replicates. The confidence of branching was assessed using 100 bootstrap resamplings in MLanalysis (Felsenstein, 1985) .
MP analyses
Two datasets were analysed: (1) the above ITS dataset and (2) a dataset including only the P. sect. Vagae sequences. The analyses were performed with the following options implemented: heuristic search mode with 1000 random-addition-sequence replicates, tree bisection-reconnection branch swapping (TBR), MULTrees option on, and collapse zero-length branches off. All characters were treated as equally weighted and unordered. Gaps were coded as unknown characters. Clade support was estimated from 1000 bootstrap replicates using heuristic searches with TBR branch swapping.
MORPHOLOGICAL INVESTIGATION
The morphological investigation was based on numerous specimens of Plagiochila sect. Vagae from the herbaria BM, EGR, F, FH, FLAS, G, GOET, JE, INB, LPB, MO, NY, PC, RB, S, STR, U, W, as well as identified and unidentified African Plagiochila vouchers from the private herbaria of Eberhard Fischer, Andreas Solga and Volker Buchbender (Koblenz).
RESULTS

MORPHOLOGICAL COMPARISON OF PLAGIOCHILA CORRUGATA AND AFRICAN VAGAE SPECIES WITH UNISPIRAL ELATERS
Neotropical Plagiochila corrugata (Fig. 4 ) is characterized by terminal branching, presence of copious underleaves, dense foliation, leaves with strongly undulate and crisped, toothed ventral and basal margins, and predominantly unispiral elaters. Unispiral elaters are well known from several African Vagae binomials (P. cambuena Steph., P. lastii Mitt., P. pinniflora Steph., P. squamulosa Mitt.; Jones, 1962; Vanden Berghen, 1981) . Of these, only P. cambuena from Madagascar has strongly undulate leaves (Fig. 5 ). The only weak morphological difference between P. cambuena and P. corrugata is found in the dentation of the ventral leaf base. The ventral leaf base of P. corrugata is almost always beset with broadly to elongate triangular teeth. Ventral leaf bases of P. cambuena are more often entire; however, at least some ventral leaf bases are provided with predominantly broadly triangular teeth.
SEQUENCE VARIATION
The length of ITS 1 within P. sect. Vagae varies between 359 bp (P. arbuscula) and 386 bp (P. disticha). The ITS 1 sequence of P. corrugata is 381 bp long, that of P. cambuena 369 bp. ITS 1 within the other investigated sections have lengths between 341 bp (P. orbicularis) and 363 bp (P. subplana, Peru). The 5.8S sector is nearly unvariable at 161 ± 2 bp. ITS 2 could not always be determined completely. Section Vagae sequences vary between 257 bp (P. subtropica) and 303 bp in P. corrugata. ITS 2 of P. cambuena has a length of 282 bp. ITS 2 length variation within the other investigated sections is between 250 bp (P. fuscolutea) and 278 bp (P. subplana Peru). The aligned P. corrugata and P. cambuena ITS 1 sequences differ in 18 base positions as well as 14 indels. ITS 2 of both taxa has 14 different base positions and 35 indel positions.
PHYLOGENETIC ANALYSES OF THE ITS REGION
Maximum likelihood
The maximum likelihood analysis produced a single tree (Fig. 1) Figure 1 . Molecular phylogeny of Plagiochila species based on ITS1-5.8S-ITS2 rDNA sequence comparisons using 806 aligned positions. The rooted tree shown resulted from a ML analysis of 38 sequences using the model of Tamura & Nei (1993) with estimated gamma shape (G = 0.488), calculated as the best model by MODELTEST v.3.06 (Posada & Crandall, 1998 (Fig. 2) is largely congruent to the ML tree shown in Figure 1 . Differences are found only in weakly or unsupported topologies. Contrary to the ML topology, P. sect. Zonatae is placed sister to P. sect. Plagiochila in a weakly supported sister relationship. The sister relationship of P. corrugata and P. cambuena is well supported (bootstrap support of 77). The two P. raddiana sequences are placed in a polytomous clade with several other Neotropical species. However, their sister relationship achieves a bootstrap support of 76.
Vagae dataset: Sixty-nine characters were parsimony informative, 91 autapomorphic and 627 constant. 207 equally most parsimonious networks (not shown) had a length of 268 steps, a CI of 0.74, a CI excluding uninformative characters of 0.57, a RI of 0.70, and a RC of 0.52. The strict consensus of these networks (Fig. 3) Description: Plants medium in size, c. (1-)2.5-7 cm long and 2.5-5 mm broad when moistened, yellowish green, green or brownish green, in diffuse patches, with differentiation into creeping stoloniform shoots that give rise to prostrate or ascending leafy stems. STEMS dark brown to brown, in upper part sometimes greenish brown or greenish, densely covered by leaves both dorsally and ventrally, main stems dorsoventrally flattened, c. 300-450 ¥ 180-330 mm in diameter, in cross section c. 17-28 cells across, the cortical cells in (3-)4-6(-7) layers, thick-walled, c. 8-20 ¥ 14-25 mm, the medullary cells thin-to moderately thick-walled, c. 14-24 ¥ 18-35 mm, often with small-to medium-sized, triangular to subnodulose trigones. BRANCHES moderate to frequent in number (in weaker plants occasionally lacking), branching off from the more or less straight main stem (or the more or less straight primary branches), sometimes, especially in upper parts of the plants, bipinnate, giving the plant a somewhat pseudodichotomous habit; branches predominantly terminal, of the Frullania-type, in lower and medium parts plant sometimes with a few additional lateral-intercalary branches.
Creeping stoloniform shoots often with short leaflets, aerial shoots with moderately to densely imbricate leaves. LEAVES wide spreading when moist; in dry condition usually somewhat postically secund or laterally appressed to stem; ventral margin moderately to very long decurrent, decurrent strip often broad, weakly to distinctly undulate, reflexed with tendency to form an indistinct water-sack; dorsal margin moderately to very long decurrent. Leaves ovatetriangular, ovate-oblong or ovate, ventral base ampliate, leaves c. (0.9-)1.1-2.1(-2.6) ¥ (0.9-)1.1-1.7(-2.1) mm, c. 0.8-1.3(-1.6) times as long as wide; leaf apex rounded to truncate; ventral margin straight or weakly curved outwards, usually strongly undulate and crispate; dorsal margin curved inwards or straight, proximal part sometimes weakly curved outwards, dorsal recurved or ± flat. Leaves toothed but dorsal margin often entire, occasionally only ventral leaf base with teeth or a few leaves completely entire; dorsal leaf margin with 0-8 forward pointed, ± triangular teeth, teeth 1-2(-3) cells broad at base, 1-2(-4) cells long, other teeth variable in shape, straight or curved, pointing in various directions, lobe-like, triangular to elongate triangular, occasionally broad based and narrowed to ciliate apical part (1-)2-8(-12) cells broad at base and (1-)2-5(-8) cells long, leaf apex with 2-7 teeth, ventral leaf margin with (0-)2-23 teeth, ventral leaf base with 0-9 teeth. Leaf cell pattern regular to irregular, cells in upper half of leaf slightly shorter than broad to moderately elongate, c. 16-45 ¥ 14-36 mm and 0.8-1.5 times as long as wide, above stem in all more elongate, up to 65 mm long and 2.6 times as long as wide, cells thin-walled, at leaf margins and ventral leaf base slightly to moderately thickened, trigones (small to) medium to large in size, (triangular) subnodulose or nodulose, intermediate thickenings occasionally present on long walls, trigones often subconfluent, on long cell walls of decurrent ventral leaf strip often subconfluent to confluent or integrated in the ± regularly thickened cell walls; cuticle smooth. Oil bodies c. 4-7(-12) per median leaf cell, ovoid to (linear-) ellipsoidal, colourless, coarsely few-segmented by rather large globules to papillose, 2-4 ¥ 3-8(-10) mm. Underleaves usually present, large, c. 0.15-0.6(-1.1) mm long and 0.2-0.5 mm broad, usually divided into 2 lanceolate lobes, each with several cilia, or variously plurilaciniate. Asexual reproduction rarely by means of irregularly branched, multicellular propagules developing into plantlets on the ventral surface of the leaves.
Male plants as large as female plants. Androecia simple, becoming intercalary on leafy branches as well as on main stems, compact; bracts in (2-)4-9(-14) pairs, imbricate, opposite bracts overlapping on dorsal side of stem; basal part of bracts strongly inflated, mainly composed of hyaline and ± inflated cells with thin to moderately thickened walls without trigones or with small triangular ones; distal part of bracts obliquely spreading, composed of cells similar to those of leaves; ventral margin often moderately to long decurrent and somewhat reflexed; apex rounded to truncate or broadly and asymmetrically triangular, apex and ventral margin undulate/crispate, dentation similar to leaves. Antheridia 2-3 per bract, round to broadly ellipsoidal, c. 250-330 mm in diameter, on a long stalk.
Gynoecia terminal on branches, subgynoecial innovations frequent in absence of fertilization, usually 1(-2) in number, bracts somewhat larger than the leaves below, adjacent to perianth and covering it nearly completely, ovate-triangular to oblong ovate with a rounded to subtruncate apex, ventral and dorsal margin short to moderately decurrent, dorsal margin strongly recurved, ventral margin strongly undulate, margins toothed, distal part of dorsal margin often entire. Perianths broadly cylindrical to campanulate in lateral view, inflated basally, often ± distinctly narrowed towards the mouth in dorsal view, c. 1.7-2.6 mm long and 1.5-2.4 mm broad, dorsally keeled but keel usually unwinged; perianth mouth weakly arched upwards or truncate, with triangular to elongate triangular teeth.
CAPSULE short-exserted, globose, valves c. 1.3-1.6 ¥ 0.5-0.8 mm, brown, not twisted; epidermal cells in surface view shorter than broad to moderately elongate, towards base of valve more elongate, with 1-2 large nodulose, occasionally somewhat cone-like thickenings on many walls; innermost cells in surface view elongate, irregular, with thickenings on the longitudinal and few transverse walls, opposite thickenings of longitudinal walls connected by ± slender coalescences on the radial walls, occasionally thickenings in parts of the valves nodulose to cone-like, discrete; valves in cross section c. 40-70 mm thick, 4-5-stratose, epidermal cells slightly larger than inner ones, c. 14-24 mm thick, inner cells c. 8-18 mm thick. SPORES c. 15-38 ¥ 18-52 mm, subglobose to short cylindrical, 1-4 cellular at time of release, sporoderm baculate. ELATERS c. 8-12 mm thick, unispiral, in the middle rarely bispiral, covered by granulae.
Notes: Plagiochila corrugata is widespread in lowland and lower montane regions of south-eastern Brazil, northern Argentina, Bolivia and Paraguay. Furthermore the species occurs in Madagascar, the Comoros and in Tanzania (Fig. 6) . In the Andes, P. corrugata is found up to c. 2200 m a.s.l. Usually the species grows epiphytically.
DISCUSSION
Plagiochila sect. Vagae in the circumscription of Heinrichs et al. (2002b) is a large pantropical clade that is characterized morphologically by dominating terminal branching, vegetative reproduction by propagules and plantlets from the leaf surface, a capsule wall with thickenings in all layers, and simple, intercalary androecia with bracts overlapping dorsally. Several dozen species are accepted in Vagae (e.g. Jones, 1962; Inoue, 1984; So, 2000 So, , 2001 , being presumably the largest section of Plagiochila. Groth et al. ( , 2004 have demonstrated that the Vagae are nested in a large clade with Plagiochila sections from tropical Twelve Vagae species from the Neotropics and the Holarctic form a well supported cluster in the unrooted tree in Figure 3 . Nearly no resolution was attained at species level, although the complete Neotropical Vagae phenotype spectrum with several extreme morphotypes was included in the ITS sequence analyses (Figs 1-3) . Obviously a rapid radiation is at hand, in this case possibly forced by the frequent vegetative distribution. Similar observations have been made within an Andean species complex of P. sect. Hylacoetes including the former genera Steereochila Inoue and Szweykowskia Gradst. & M.Reiner or within P. sect. Arrectae Carl (e.g. Heinrichs et al., 2004) .
The tropical American-African Plagiochila corrugata is nested within the Neotropical species of sect. Vagae (Figs 1-3) . The low ITS sequence variation within this group may be explained by the disjunct range of P. corrugata being the result of long range dispersal rather than a Gondwana distribution. Judging from the analysed taxon set, dispersal originated from the Neotropics. Similar ranges are not unknown in Plagiochila and have been documented for P. boryana Steph., the only African representative of the Neotropical P. sect. Hylacoetes (Heinrichs, 2002; , which occurs in Bolivia, Brazil, Uganda, Tanzania and on the Mascarenes. The distribution of P. corrugata is not unique among the AfroAmerican disjuncts. Widespread in South America and on Madagascar Island, the species occurs only sporadically in the crystalline Eastern Arc mountains of Tanzania: Usambara Mountains and Mufindi Escarpment (Pócs, 1985) . The moss Adelothecium bogotense (Hampe) Mitt. is also widespread in the Neotropics, has three localities in Madagascar and one in the Uluguru Mountains of the Tanzanian Eastern Arc (Ochyra et al., 1992 and T. Pócs, unpubl. data) . The link between the Eastern Arc and Madagascar is well known and supported by a high number of species restricted to these areas (Pócs, 1975 (Pócs, , 1999a Another interesting type of distribution both at generic and at species level is a disjunction between the Neotropics and Madagascar without stands in continental Africa (e.g. Bryopteris (Nees) Lindenb., Symbyezidium Trevis, Xylolejeunea X.-L. He & Grolle, Phyllogonium Brid.; Gradstein, Pócs & Vána, 1983; Pócs, 1999b; Sass-Gyarmati & Pócs, 2002) . The distribution of P. corrugata and of Adelothecium bogotense seems to be a combination of the two types.
Disjunct Africa-tropical America ranges of bryophytes have been postulated as a result of morphological analyses but have rarely been checked by sequence comparisons (Symphogyna brasiliensis Nees & Mont., S. podophylla (Thunb.) Mont. & Nees; Schaumann et al., 2003) . Shaw (2001) points out that morphological uniformity of bryophytes may belie a complex genetic structure. However, the results of our molecular analyses are in good accordance with morphological species and section concepts. Monophyletic lineages for morphologically inseparable units are not a general phenomenon in bryophytes. For instance, morphospecies of Fontinalis Hedw. are non-monophyletic in nr and in cpDNA sequence trees (Shaw & Allen, 2000) .
The level of ITS sequence variation in P. corrugata is not dissimilar to that found in other morphologically and phylogenetically defined species of Plagiochila (e.g. P. bifaria (Sw.) Lindenb.; Heinrichs et al. 2004 ; P. carringtonii (Balf.) Grolle; Renker et al. 2002) or of mosses (Shaw, Werner & Ros, 2003) . Infraspecific length variation of ITS sequences as documented here for P. corrugata is a common phenomenon in Plagiochila (e.g. Heinrichs et al., 2003) and often the result of indel events in variable loop regions.
The considerable ITS variation within the Vagae clade leads only to a poor resolution, most likely a consequence of the diffuse dispensation of variable positions and the high degree of autapomorphic characters. However, the largely unresolved Neotropical Vagae clade with several extreme morphotypes permits the establishment of a wide species concept for this group in the forthcoming Flora Neotropica treatment (J. Heinrichs, unpubl. data) . Herzog (1932) has already indicated that nearly unmanageable gametophytic variation is found in the group and that the determinations found in the herbaria cause confusion rather than help with understanding the species. Obviously leaf shape and dentation have limited taxonomic value in Plagiochila, implying that most Neotropical Vagae binomials should be placed in the synonymy of a few broadly defined species. The results concerning the African P. squamulosa s.l. point in the same direction.
The unispiral elaters of P. corrugata justify separation at species level from the morphologically closely related P. raddiana Lindenb. with bispiral elaters (Heinrichs & Gradstein, 2000) . The latter otherwise differs from P. corrugata by the somewhat less undulate leaf margins and the often entire ventral leaf bases. Morphologically closely related is also a poorly understood Central and North American species complex including P. undata Sull., P. crispata Gottsche, P. fastigiata, P. sancta Gottsche (cf., e.g. Gottsche, 1863-7; Schuster, 1980) . These binomials differ mostly in the entire ventral leaf bases and are placed sister to P. corrugata in the molecular analyses (P. fastigiata).
Sporophytes
have not yet been available for study. However, Gottsche (1863-7) points out that P. sancta has bispiral and partly unispiral elaters, which indicates that the above binomina could be included in P. corrugata at the variety or subspecies level at some future point.
